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ABSTRACT
Context. Recent studies with, e.g., Spitzer and Herschel have suggested that star formation in dense molecular gas may be governed
by essentially the same “law” in Galactic clouds and external galaxies. This conclusion remains controversial, however, in large part
because different tracers have been used to probe the mass of dense molecular gas in Galactic and extragalactic studies.
Aims. We aimed to calibrate the HCN and HCO+ lines commonly used as dense gas tracers in extragalactic studies and to test the
possible universality of the star formation efficiency in dense gas ( >∼ 104 cm−3), SFEdense.
Methods. We conducted wide-field mapping of the Aquila, Ophiuchus, and Orion B clouds at ∼0.04 pc resolution in the J=1–0
transition of HCN, HCO+, and their isotopomers. For each cloud, we derived a reference estimate of the dense gas mass M
AV>8
Herschel
, as
well as the strength of the local far-ultraviolet (FUV) radiation field, using Herschel Gould Belt survey data products, and estimated
the star formation rate from direct counting of the number of Spitzer young stellar objects.
Results. The H13CO+(1–0) and H13CN(1–0) lines were observed to be good tracers of the dense star-forming filaments detected with
Herschel. Comparing the luminosities LHCN and LHCO+ measured in the HCN and HCO
+ lines with the reference masses M
AV>8
Herschel
,
the empirical conversion factors αHerschel−HCN (= M
AV>8
Herschel
/LHCN) and αHerschel−HCO+ (= M
AV>8
Herschel
/LHCO+ ) were found to be significantly
anti-correlated with the local FUV strength. In agreement with Pety et al. (2017), the HCN and HCO+ lines were also found to trace
gas down to AV
>∼ 2. As a result, published extragalactic HCN studies must be tracing all of the moderate density gas down to
nH2
<∼ 103 cm−3. Estimating the contribution of this moderate density gas from the typical column density PDFs in nearby clouds,
we obtained the following G0-dependent HCN conversion factor for external galaxies: α
fit′
Herschel−HCN = 64 ×G−0.340 . Re-estimating the
dense gas masses in external galaxies with αfit
′
Herschel−HCN(G0), we found that SFEdense is remarkably constant, with a scatter of less than
1.5 orders of magnitude around 4.5 × 10−8 yr−1, over 8 orders of magnitude in dense gas mass.
Conclusions. Our results confirm that SFEdense of galaxies is quasi-universal on a wide range of scales from ∼ 1–10 pc to > 10 kpc.
Based on the tight link between star formation and filamentary structure found in Herschel studies of nearby clouds, we argue that
SFEdense is primarily set by the “microphysics” of core/star formation along filaments.
Key words. ISM: individual objects:Aquila, Ophiuchus, Orion B– ISM: clouds – stars:formation
1. Introduction
A close connection between dense molecular gas (with nH2 >
104 cm−3) and star formation has been established for quite some
time on both Galactic and extragalactic scales. On small scales,
individual stars of low to intermediate masses are known to
form from the collapse of prestellar dense cores (e.g. Myers
1983; Ward-Thompson et al. 1994; André et al. 2000), them-
selves often embedded in dense cluster-forming gas clumps
within molecular clouds (e.g. Lada 1992; Myers 1998). On
galaxy-wide scales, the global star formation rate (SFR) is lin-
early correlated with the total amount of dense molecular gas as
traced by HCN observations (Gao & Solomon 2004a,b), while
the correlation between the SFR and the amount of either atomic
(HI) or low-density molecular (CO) gas is non linear and not
as tight (e.g. Kennicutt 1989). Moreover, as pointed out by
Lada et al. (2012), essentially the same relation between SFR
and mass of dense gas Mdense is found in nearby Galactic clouds
[SFR = 4.6 × 10−8 M⊙ yr−1 × (Mdense/M⊙) – Lada et al. (2010)]
and external galaxies [SFR = 2 × 10−8 M⊙ yr−1 × (Mdense/M⊙)
– Gao & Solomon (2004b)]. The only exception seems to be the
extreme star-forming environment of the central molecular zone
(CMZ) of our Galaxy, where a very low star formation efficiency
in dense gas has been reported (Longmore et al. 2013). Investi-
gating the nature and origin of this quasi-universal “star forma-
tion law” in the dense molecular gas of galaxies is of funda-
mental importance for our understanding of star formation and
galaxy evolution in the Universe.
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Key insight is provided by the results of recent submillime-
ter imaging surveys of Galactic molecular clouds with the Her-
schel Space Observatory, which emphasize the role of interstel-
lar filaments in the star formation process (e.g. André et al. 2010;
Molinari et al. 2010). The presence of filamentary structures in
molecular clouds was already known long before Herschel (e.g.
Schneider & Elmegreen 1979; Myers 2009), but Herschel ob-
servations now demonstrate that molecular filaments are truly
ubiquitous, make up a dominant fraction of the dense gas in
molecular clouds, and present a high degree of universality in
their properties (e.g. Arzoumanian et al. 2011; Hill et al. 2011;
Schisano et al. 2014; Könyves et al. 2015). A detailed analysis
of the radial column density profiles of nearby Herschel fila-
ments shows that they are characterized by a narrow distribu-
tion of central widths with a typical full width at half maximum
(FWHM) value of ∼ 0.1 pc and a dispersion of less than a fac-
tor of 2 (Arzoumanian et al. 2011). Another major result from
the Herschel Gould Belt survey (HGBS – André et al. 2010) is
that the vast majority of prestellar cores are found in dense, “su-
percritical” filaments for which the mass per unit length exceeds
the critical line mass of nearly isothermal, long cylinders (e.g.
Inutsuka & Miyama 1997), Mline,crit = 2 c
2
s/G ∼ 16 M⊙ pc−1,
where cs ∼ 0.2 km s−1 is the isothermal sound speed for molec-
ular gas at T ∼ 10 K (e.g. Könyves et al. 2015). These Herschel
findings in nearby Galactic clouds support a scenario of star for-
mation in two main steps (cf. André et al. 2014): First, large-
scale compression of interstellar material in supersonic flows
(turbulent or not) generates a quasi-universal web of filaments
in the cold interstellar medium (ISM); second, the densest fil-
aments fragment into prestellar cores (and subsequently proto-
stars) by gravitational instability above Mline,crit.
The realization that, at least in nearby clouds, prestellar core
formation occurs primarily along dense filaments of roughly
constant inner width has potential implications for our under-
standing of star formation on global galactic scales. Remark-
ably, the critical line mass of a filament, Mline,crit = 2 c
2
s/G, de-
pends only on gas temperature (i.e., T ∼ 10 K for the bulk of
Galactic molecular clouds, away from the immediate vicinity of
massive stars). Given the common filament width Wfil ∼ 0.1 pc
(Arzoumanian et al. 2011) this may set a quasi-universal thresh-
old for core/star formation in the giant molecular clouds (GMCs)
of galaxies at Mline,crit ∼ 16 M⊙ pc−1 in terms of filament mass
per unit length, or Mline,crit/Wfil ∼ 160 M⊙ pc−2 in terms of gas
surface density (corresponding to a visual extinction AV ∼ 8),
or Mline,crit/W
2
fil
∼ 1600 M⊙ pc−3 in terms of gas density (i.e.,
a number density nH2 ∼ 2.3 × 104 cm−3). Indeed, independent
Spitzer infrared studies of the SFR as a function of gas surface
density in nearby cloud complexes (e.g. Heiderman et al. 2010;
Lada et al. 2010; Evans et al. 2014) show that the SFR tends to
be linearly proportional to the mass of dense gas above a surface
density threshold Σthgas ∼ 130 M⊙ pc−2 and drops to negligible
values below Σthgas. The observed star formation threshold Σ
th
gas
corresponds to within a factor of << 2 to the line-mass threshold
above which interstellar filaments are expected to be gravitation-
ally unstable.
While the observational results summarized above are very
encouraging and tentatively point to a unified picture for star
formation on GMC scales in both Galactic clouds and external
galaxies, there are at least two caveats. First, direct comparison
between Galactic (e.g. Lada et al. 2010) and extragalactic (e.g.
Gao & Solomon 2004b) studies of the dense gas – star formation
connection is difficult at this stage because different tracers have
been used to probe dense gas in Galactic and extragalactic situa-
tions so far. For instance, Lada et al. (2010) used column density
maps from near-infrared extinction and derived the total mass
M
AV>8
dense
above the extinction/surface density threshold mentioned
earlier (i.e., AV > 8), while Gao & Solomon (2004b) used HCN
(1–0) data and estimated the mass of dense gas Mdense above the
effective density ∼3×104 cm−3 of the HCN (1–0) transition from
the HCN (1–0) line luminosity, i.e., MHCN
dense
= αGS04−HCN LHCN
with αGS04−HCN ∼10 M⊙ (K km s−1 pc2)−1 (see also Wu et al.
2005). While the effective density of the HCN(1–0) transition
(cf. Evans 1999) turns out to be close to the critical threshold
density ∼ 2.3× 104 cm−3 quoted above for ∼ 0.1-pc-wide super-
critical filaments, the relation between M
AV>8
dense
and MHCN
dense
remains
to be properly calibrated in nearby Galactic clouds. Second, sig-
nificant variations in the apparent star formation efficiency in
dense gas SFE
extragal
dense
≡ LFIR/LHCN as a function of stellar sur-
face density or galactocentric radius have been found in resolved
observations of the disks of several nearby galaxies (Usero et al.
2015; Chen et al. 2015; Leroy et al. 2016; Bigiel et al. 2016). To
confirm that there is a universal star formation law converting the
densemolecular gas of GMCs into stars, wide-field line mapping
observations of Galactic clouds in the same dense gas tracers
as used in extragalactic work and at a spatial resolution high
enough to resolve ∼0.1-pc-wide molecular filaments are cru-
cially needed.
With the advent of sensitive heterodyne receivers and wide-
band spectrometers on millimeter-wave telescopes, wide-field
mapping observations in several lines simultaneously are now
feasible at an angular resolution down to ∼10–30′′. In this paper,
we present wide-field imaging data in the HCN (1–0), H13CN
(1–0), HCO+ (1–0), and H13CO+ (1–0) transitions toward three
nearby star-forming clouds, Aquila, Ophiuchus, and Orion B.
The paper is organized as follows. In Sect. 2, we describe our
IRAM 30m, MOPRA 22m, and Nobeyama 45m observations.
In Sect. 3, we present the results of the HCN, H13CN, HCO+,
and H13CO+ mappings and estimate the far ultraviolet (FUV)
field strength from Herschel HGBS 70 µm and 100 µm data. In
Sect. 4, we discuss evidence of significant variations in the con-
version factor αHCN between HCN luminosity and mass of dense
gas, and, in particular, the dependence of αHCN on the FUV field
strength. We then revisit the question of the universality of the
star formation efficiency in the dense molecular gas of galaxies
and propose an interpretation of this universality in terms of the
filamentary structure of GMCs. Our conclusions are summarized
in Sect. 5.
2. Millimeter line observations
We carried out observations in the HCN (J=1–0, 88.6318473
GHz), H13CN (J=1–0, 86.340167 GHz), HCO+ (J=1–0,
89.188526 GHz), and H13CO+ (J=1–0, 86.75433 GHz) transi-
tions toward three nearby star-forming regions, Aquila, Ophi-
uchus, and Orion B using the IRAM 30m, MOPRA 22m, and
Nobeyama 45m telescopes. The effective excitation densities1 of
the HCN (1–0), H13CN (1–0), HCO+ (1–0), and H13CO+ (1–0)
lines at 10 K are 8.4×103 cm−3, 3.5×105 cm−3, 9.5×102 cm−3,
and 3.9×104 cm−3, respectively (Shirley 2015). Table 1 shows
a summary of our molecular line observations. We describe the
details of each observation below.
1 The effective excitation density of a molecular transition at a given
gas kinetic temperature is defined as the density which results in a spec-
tral line with an integrated intensity of 1 K km s−1 (Shirley 2015).
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Fig. 1: a) Column density map of the Aquila region derived from Herschel Gould Belt survey (HGBS) data (André et al. 2010;
Könyves et al. 2015) at an angular resolution of 18.2′′ and in units of AV. b) FUV field strength map derived from HGBS 70 µm
and 100 µm data smoothed to an angular resolution of 18.2′′ in Habing units, and integrated intensity maps of c) HCN(1–0), d)
HCO+(1–0), e) H13CN(1–0) , f) H13CO+(1–0) in units of K km s−1 (TMB). The angular resolutions of the HCN, HCO+, H13CN, and
H13CO+ maps are 40′′, 40′′, 40′′, and 50′′, respectively. In each panel, a green polygon outlines the field observed in molecular lines.
The HCN and H13CN integrated intensity includes all components of the hyperfine structure (HFS). The white contour in panel (a)
and the magenta dotted contours in panels (e) and (f) show the AV = 8 level obtained after smoothing the Herschel column density
map to 40′′ resolution. In panel (b), green open circles indicate the positions of the Class II objects identified by Dunham et al.
(2015). In panel (e) and (f), the magenta solid contour indicates the rough AV column density level above which significant line
emission is detected, i.e., AV = 20 for H
13CN (1–0) and AV = 16 for H
13CO+ (1–0).
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Table 1: Observations
Region Aquila Ophiuchus Orion B
Distance 260 pc* 139 pc† 400 pc‡
Telescope IRAM 30m MOPRA 22m Nobeyama 45m
Receiver EMIR 3mm TZ
Correlator FTS50 MOPS SAM45
Obs. period 18 – 29 Dec 2014 26 July – 2 Aug 2015 7–21 May 2015
2–9 Sep 2015
Mapping area 0.42 deg2 (∼8.7 pc2) 0.21 deg2 (∼1.2 pc2) 0.14 deg2 (∼6.8 pc2)
θant at 86 GHz 28
′′.6 (∼0.04 pc) 39′′.0 (∼0.03 pc) 19′′.1 (∼0.04 pc)
dV at 86 GHz 0.15 km/s 0.10 km/s 0.023 km/s
* The distance to the Aquila molecular complex is under debate (Drew et al. 1997;
Dzib et al. 2010; Ortiz-León et al. 2016). In this paper, we adopt a distance of 260
pc for Aquila according to Maury et al. (2011) and Könyves et al. (2015).
† See Mamajek (2008).
‡ See Gibb (2008).
2.1. IRAM 30m observations toward the Aquila cloud
During two observing runs (18 December 2014 - 29 December
2014 and 2 September 2015 – 9 September 2015), we carried
out mapping observations toward a 0.4 deg2 region in the Aquila
cloud, including the three subregions Aquila/W40, Aquila/Serp.
South, and Aquila/cold (see Figs. 1 and A.1), with the Eight
MIxer Receiver (EMIR) receiver on the IRAM-30m telescope.
All molecular line data were obtained simultaneously. At 86
GHz, the 30 m telescope has a beam size of 28.6′′ (HPBW)
and the forward and main beam efficiencies (Feff and Beff) are
95% and 81%. As backend, we used the FTS50 spectrometer,
providing a bandwidth of 1820 MHz and a frequency resolu-
tion of 50 kHz. The latter corresponds to a velocity resolution of
∼0.15 km s−1 at 86 GHz. The standard chopper wheel method
was used to convert the observed signal to the antenna tempera-
ture T ∗
A
in units of K, corrected for the atmospheric attenuation.
The data are given in terms of the main beam brightness tem-
perature corresponding to TMB = T
∗
A
× Feff/Beff. During the
observations, the system noise temperatures ranged from 80 K
to 330 K. The telescope pointing was checked every hour by ob-
serving the quasar source 1741-038 and was found to be better
than 3′′ throughout the two runs. Our mapping observationswere
made with the on-the-fly (OTF) mapping technique. We chose
the positions (RAJ2000, DECJ2000) = (16:29:06.4, -24:26:57.0),
(16:25:34.5, -24:36:44.0), and (16:26:14.5, -24:02:00.0) as our
reference (off) positions. We decomposed the target field into
a series of 10′×10′ subfields and took pairs of OTF maps to-
ward each subfield using two perpendicular scanning directions
(along the RA or Dec axes). Combining such pairs of OTF maps
reduces scanning artifacts. We smoothed the data spatially with
a Gaussian function resulting in an effective beam size of 40′′.
The 1σ noise level of the final mosaiced data cube at an effective
angular resolution of 40′′ and a velocity resolution of ∼0.15 km
s−1 is 0.07 K in TMB.
2.2. MOPRA observations toward the Ophiuchus cloud
Between 26 July 2015 and 2 August 2015, we carried out
mapping observations toward a 0.21 deg2 region in the Ophi-
uchus cloud, including the two subregions Oph/main (L1688)
and Oph/cold (see Fig. A.2), with the 3 mm receiver installed
on the MOPRA-22m telescope. All molecular line data were
obtained simultaneously. At 86 GHz, the telescope has a beam
size of 39′′ (HPBW) and a main beam efficiency ηMB of 49%
(Ladd et al. 2005). As backend, we used the Mopra spectrom-
eter (MOPS) in zoom mode, providing a bandwidth of 137.5
MHz and a frequency resolution of 33.8 kHz. The latter cor-
responds to a velocity resolution of ∼0.1 km s−1 at 86 GHz.
The standard chopper wheel method was used to convert the ob-
served signal to the antenna temperature T ∗
A
in units of K, cor-
rected for atmospheric attenuation. The data are given in main
beam brightness temperature, TMB = T
∗
A
/ηMB. During the obser-
vations, the system noise temperatures ranged from 240 K to 420
K. The telescope pointing was checked every hour by observing
the SiO maser sources AH Sco, VX Sgr, and W Hya, and was
better than 5′′ throughout the entire run. Our mapping observa-
tions were made with the OTFmapping technique. The positions
(RAJ2000, DECJ2000) = (16:29:06.4, -24:26:57.0), (16:25:34.5, -
24:36:44.0), and (16:26:14.5, -24:02:00.0) were used as off posi-
tions. We obtained a series of OTF maps with two different scan-
ning directions along the RA or Dec axes covering a subfield of
6′×6′ each and combined them into a single map to reduce scan-
ning effects as much as possible. We smoothed the data spatially
with a Gaussian function of 19.5′′ (FWHM), resulting in an ef-
fective beam size of 50′′. The scanning effects were minimized
by combining scans along the RA and Dec directions with the
Emerson & Graeve (1988) PLAIT algorithm. The 1σ noise level
of the final data at an effective angular resolution of 50′′ and a
velocity resolution of 0.1 km s−1 is 0.5 K in TMB.
2.3. NRO 45m observations toward the Orion B cloud
Between 7 May and 21 May 2015, we carried out mapping ob-
servations toward a 0.14 deg2 region in the Orion B cloud, in-
cluding the four subregions NGC2023, NGC2024, NGC2068,
and NGC2071 (see Figs. A.3–A.6), with the TZ receiver on the
Nobeyama 45m telescope. All molecular line data were obtained
simultaneously. At 86 GHz, the telescope has a beam size of
19.1′′ (HPBW) and a main beam efficiency ηMB of ∼50%. As
backend, we used the SAM45 spectrometer which provides a
bandwidth of 31 MHz and a frequency resolution of 7.63 kHz.
The latter corresponds to a velocity resolution of ∼0.02 km s−1
at 86 GHz. The standard chopper wheel method was used to
convert the observed signal to the antenna temperature T ∗
A
in
units of K, corrected for the atmospheric attenuation. The data
are given in terms of the main beam brightness temperature,
TMB = T
∗
A
/ηMB. During the observations, the system noise tem-
peratures ranged from 140 K to 630 K. The telescope point-
ing was checked every hour by observing the SiO maser source
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Table 2: Physical parameters derived from H13CO+ (1–0) observations
Region Vpeak [km s
−1] dVFWHM [km s−1] NH13CO+ [cm
−2] XH13CO+
min max mean min max mean min max mean min max mean
Aquila/W40 4.0 8.8 7.0 0.3 3.3 0.7 4.4×1010 1.7×1012 2.9×1010 2.8×10−12 1.2×10−11 5.5×10−11
Aquila/Serp S 3.8 8.9 7.3 0.3 2.3 0.8 4.6×1010 4.1×1012 3.3×1010 3.3×10−12 4.6×10−11 1.5×10−11
Aquila/cold 5.6 8.6 6.5 0.3 1.1 0.5 7.2×1010 5.7×1011 2.4×1011 9.2×10−12 4.1×10−11 2.2×10−11
Oph/main (L1688) 2.5 4.9 3.6 0.3 2.0 0.7 6.4×1011 2.9×1012 1.1×1012 8.0×10−12 2.0×10−10 3.3×10−11
Oph/cold 2.9 3.6 3.3 0.3 0.7 0.4 6.3×1011 1.5×1012 9.6×1011 2.2×10−11 1.2×10−10 5.5×10−11
Orion B/NGC 2023 8.1 11.7 10.0 0.2 2.3 1.0 2.6×1011 37.8×1011 15.2×1011 1.8×10−11 9.0×10−11 5.0×10−11
Orion B/NGC 2024 5.1 13.2 10.9 0.2 2.7 0.9 2.3×1011 37.9×1011 14.3×1011 1.9×10−11 9.7×10−11 5.8×10−11
Orion B/NGC 2068 7.1 14.8 10.9 0.2 1.8 0.6 2.3×1011 22.4×1011 10.2×1011 1.8×10−11 6.9×10−11 4.5×10−11
Orion B/NGC 2071 6.1 12.7 9.5 0.2 2.2 0.9 2.6×1011 42.0×1011 15.6×1011 1.8×10−11 1.1×10−10 4.5×10−11
Table 3: Virial masses from H13CO+†
Region dVdetect
H13CO+
Adetect
H13CO+
Rdetect
H13CO+
Mdetect
VIR,H13CO+
MH
13CO+−detect
Herschel
Mdetect
VIR,H13CO+
MH
13CO+−detect
Herschel
dV
AV>8
H13CO+
A
AV>8
H13CO+
R
AV>8
H13CO+
M
AV>8
VIR,H13CO+
M
AV>8
Herschel
M
AV>8
VIR,H13CO+
M
AV>8
Herschel
[km s−1] [pc2] [pc] [M⊙] [M⊙] [km s−1] [pc2] [pc] [M⊙] [M⊙]
Aquila/W40 1.66 0.90 0.54 307.3 339.1 0.9 2.18 2.68 0.92 917.0 748.1 1.2
Aquila/Serp S 1.19 1.53 0.70 205.8 707.4 0.3 1.35 2.51 0.89 339.0 954.1 0.4
Aquila/cold 1.04 0.36 0.34 76.7 74.2 1.0 1.07 0.40 0.36 85.9 88.8 1.0
Aquila (total) — — — 589.8 1120.8 0.5 — — — 1341.8 1790.9 0.7
Oph/main (L1688) 1.48 0.23 0.27 122.0 167.9 0.7 2.09 0.91 0.54 492.0 416.0 1.2
Oph/cold 0.40 0.02 0.07 2.5 6.5 0.4 0.55 0.06 0.14 8.5 16.2 0.5
Oph (total) — — — 124.5 174.4 0.7 — — — 500.5 432.1 1.2
Orion B/NGC2023 1.50 0.30 0.31 144.9 175.2 0.8 1.89 0.76 0.49 367.7 300.1 1.2
Orion B/NGC2024 1.97 0.26 0.29 236.3 206.3 1.1 2.57 0.76 0.49 680.8 335.2 2.0
Orion B/NGC2068 0.99 0.23 0.27 55.0 113.7 0.5 1.21 0.52 0.41 125.3 189.6 0.7
Orion B/NGC2071 1.23 0.46 0.38 121.1 262.9 0.5 1.47 0.94 0.55 247.3 398.7 0.6
Orion B (total) — — — 557.3 758.2 0.7 — — — 1421.1 1223.5 1.2
†
See Table A.2 for the definition of each notation.
Table 4: Virial masses from H13CN†
Region dVdetect
H13CN
Adetect
H13CN
Rdetect
H13CN
Mdetect
VIR,H13CN
MH
13CN−detect
Herschel
Mdetect
VIR,H13CN
MH
13CN−detect
Herschel
dV
AV>8
H13CN
A
AV>8
Herschel
R
AV>8
Herschel
M
AV>8
VIR,H13CN
M
AV>8
Herschel
M
AV>8
VIR,H13CN
M
AV>8
Herschel
[km s−1] [pc2] [pc] [M⊙] [M⊙] [km s−1] [pc2] [pc] [M⊙] [M⊙]
Aquila/W40 1.40 0.25 0.28 115.0 108.5 1.1 2.54 2.68 0.92 1246.8 748.1 1.7
Aquila/Serp S 1.17 0.77 0.49 140.7 445.0 0.3 1.57 2.51 0.89 460.6 954.1 0.5
Oph/main(L1688) 1.58 0.16 0.23 117.2 90.0 1.3 2.43 0.91 0.54 665.5 416.0 1.6
Orion B/NGC2024 1.86 0.20 0.25 181.5 172.2 1.1 2.62 0.76 0.49 705.5 335.2 2.1
Orion B/NGC2068 1.91 0.17 0.23 179.0 71.8 2.5 2.53 0.52 0.41 546.4 189.6 2.9
Orion B/NGC2071 1.90 0.37 0.34 257.1 203.0 1.3 2.40 0.94 0.55 661.7 398.7 1.7
†
See Table A.2 for the definition of each notation.
Ori-KL, and was better than 3′′ throughout the entire observ-
ing run. Our mapping observations were made with the OTF
mapping technique. We chose the positions (RAJ2000, DECJ2000)
= (5:39:21.819, -2:9:8.54) and (5:44:41.15, 0:33:4.98) as off
positions. We obtained OTF maps with two different scanning
directions along the RA or Dec axes covering a subfield of
6′×6′ and combined them into a single map to reduce the scan-
ning effects as much as possible. As a convolution function, we
adopted a Gaussian function with a FWHM of half the beam
size. The scanning effects were minimized by combining scans
along the RA and Dec directions with the Emerson & Graeve
(1988) PLAIT algorithm. We also applied spatial smoothing to
the data with a Gaussian function resulting in an effective beam
size of 30′′. The 1σ noise level of the final data at an effective
resolution of 30′′ and a velocity resolution of 0.1 km s−1 is 0.28
K in TMB.
3. Results and Analysis
3.1. H13CO+(1–0) and H13CN(1–0) emission
Figure 1 and Figures A.1–A.6 compare the H13CO+(1–0),
and H13CN(1–0) integrated intensity maps observed toward
Aquila, Ophiuchus, Orion B/NGC2023, Orion B/NGC2024,
Orion B/NGC2068, and Orion B/NGC2071 with the column
density maps derived from HGBS data toward the same sub-
regions. Above the AV = 16 contour in the Herschel column
density maps (assuming NH2 /AV = 0.94×1021cm−2, Bohlin et al.
1978), it can be seen that the spatial distribution of the
H13CO+(1–0) emission is closely correlated with the texture of
the dense gas (e.g. filamentary structure) seen by Herschel. In
particular, the H13CO+(1–0) emission traces the dense “super-
critical” filaments detected by Herschel very well. Likewise, the
spatial distribution of the H13CN (1–0) emission is closely cor-
related with the column density distribution above the AV = 20
level, especially in the Aquila and Orion B/NGC 2024 regions.
As apparent in Fig. 1 and Figs. A.1–A.6, and in agreement with
the effective excitation densities quoted in Sect. 2, the H13CN
(1–0) emission traces higher column density gas compared to the
H13CO+ (1–0) emission. Figure A.7 displays mean H13CN(1–0)
spectra, obtained by averaging the data over the detected portion
of each region and sub-region.
The 1 K km s−1 level in the H13CO+(1-0) integrated inten-
sity map roughly matches the AV=30 level in the Herschel col-
umn density map (see Fig. 1f), which in turn corresponds to a
volume density ∼ 8.6 × 104 cm−3 assuming most of the dense
gas is concentrated in ∼ 0.1 pc filaments (cf. Sect. 1). This is
roughly consistent with the H13CO+ (1–0) effective excitation
density of ∼ 4 × 104 cm−3, suggesting that local thermodynami-
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Fig. 2: (a) M
AV>8
VIR,H13CO+
vs. M
AV>8
Herschel
and (b) M
AV>8
VIR,H13CN
vs.
M
AV>8
Herschel
relations. The black dashed lines indicate M
AV>8
VIR,mol
= M
AV>8
Herschel
and the red lines indicate the best-fit results:
M
AV>8
VIR,H13CO+
= (0.82±0.17)×MAV>8
Herschel
and M
AV>8
VIR,H13CN
= (1.15±
0.29) × MAV>8
Herschel
. (The uncertainty in M
AV>8
VIR,mol
was derived from
the uncertainties in R
AV>8
Herschel
and in dV
AV>8
mol
(see Ikeda et al. 2007;
Shimajiri et al. 2015a).) The x- and y-axis ranges are the same in
both panels.
cal equilibrium (LTE) may not be too bad an approximation for
H13CO+(1-0). Under the LTE assumption, the column density of
H13CO+ can be derived as follows (cf. Tsuboi et al. 2011):
NH13CO+ [cm
−2] = 5.99 × 1010Tex
∫
TMBdv [K km s
−1]. (1)
We further assume that the excitation temperature Tex of the
H13CO+ (1–0) transition is equal to the dust temperature Tdust
derived from the HGBS data. The dust temperature ranges from
11 K to 46 K. Table 2 summarizes the results. The mean H13CO+
column densities range from 2.9×1010 cm−2 to 1.6×1012 cm−2.
The H13CO+ abundances relative to H2, XH13CO+ ≡ NH13CO+/NH2 ,
have mean values in the range (1.5–5.8)×10−11, using NH13CO+
values estimated from the present data and NH2 values from
HGBS data (André et al. 2010; Könyves et al. 2015). These
abundance estimates are consistent within a factor of a few with
the findings of previous studies in other regions (1.1±0.1×10−11
in OMC2-FIR4: Shimajiri et al. (2015b), and 1.8±0.4×10−11 in
Sagittarius A: Tsuboi et al. (2011)).
Assuming spherical shapes and uniform density, the virial
masses Mdetect
VIR,mol
of the detected clumps and structures can be
estimated as (see Ikeda et al. 2007; Shimajiri et al. 2015a),
MdetectVIR,mol[M⊙] =
5Rdetect
mol
σ2
G
= 209
R
detect
mol
pc

dV
detect
mol
km s−1

2
. (2)
The radius Rdetect
mol
of each clump or cloud was estimated as
Rdetect
mol
[pc] =
√
Adetect
mol
/π. The velocity dispersion σ was deter-
mined asσ = dVdetect
mol
/
√
8 ln 2, where dVdetect
mol
is the mean FWHM
velocity width among pixels where the emission was detected.
The derived values dVdetect
mol
, Rdetect
mol
, Adetect
mol
, and Mdetect
VIR,mol
are given
in Tables 3 and 4.
We also estimated the total virial mass M
AV>8
VIR,mol
of the area
above AV = 8 for each cloud by scaling the virial mass derived
for the detected subregion using the well-known linewidth-size
relation σV ∝ L0.5 (Larson 1981; Heyer et al. 2009). In practice,
we assumed
dV
AV>8
mol
[km s−1] = dVdetectmol
R
AV>8
Herschel
Rdetect
mol

0.5
, (3)
and we estimated the cloud radius R
AV>8
Herschel
as R
AV>8
Herschel
[pc] =√
A
AV>8
Herschel
/π, where A
AV>8
Herschel
is the projected area of each ob-
served cloud above AV = 8. The total virial mass, M
AV>8
VIR,H13CO+
,
was then estimated from the scaled velocity width (dV
AV>8
VIR,mol
)
using Eq. (2).
The mass of each cloud was also estimated from HGBS data
as
MX[M⊙] = ΣHerschelAY, (4)
ΣHerschel = N(H2)mHµH2 , (5)
where MX (either M
mol−detect
Herschel
or M
AV>8
Herschel
) is the mass integrated
over the area of the correspondingHerschel column density map
where (H13CO+ or H13CN) line emission was detected or where
AV > 8. AY is the surface area (either A
detect
mol
or A
AV>8
Herschel
), mH
is the hydrogen atom mass, and µH2 = 2.8 is the mean molecu-
lar weight per H2 molecule. The uncertainties in M
mol−detect
Herschel
and
M
AV>8
Herschel
are typically a factor 2, mainly due to uncertainties in
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Table 5: HCN (1–0) to HCO+ (1–0) line intensity ratios
Region Median Standard Deviation
Aquila 1.6 1.5
Oph 1.3 0.9
Orion B/NGC2023 0.7 0.2
Orion B/NGC2024 1.1 0.3
Orion B/NGC2068 1.0 0.3
Orion B/NGC2071 0.9 0.2
the dust opacity (cf. Roy et al. 2014). The total gas masses de-
rived from Herschel, MH
13CO+−detect
Herschel
and M
AV>8
Herschel
, range from 6.5
M⊙ to 707 M⊙ and from 16 M⊙ to 954 M⊙, respectively.
Table 3 and Table 4 also include estimates of the virial mass
ratios, Rdetect
VIR,mol
and RAV>8
VIR,mol
, defined as
RdetectVIR,mol =
Mdetect
VIR,mol
Mmol−detect
Herschel
, (6)
and
RAV>8
VIR,mol
=
M
AV>8
VIR,mol
M
AV>8
Herschel
. (7)
The Rdetect
VIR,H13CO+
and RAV>8
VIR,H13CO+
ratios range from ∼0.30 to ∼1.1
and from ∼0.40 to ∼2.0, respectively, suggesting that all the
dense clumps we observed are gravitationally bound, especially
the portions detected in H13CO+. Figure 2 (a) plots M
AV>8
VIR,H13CO+
against M
AV>8
Herschel
, and shows that these two estimates of the mass
of dense (AV > 8) gas agree to within better than 50% in each
region (see also Table 3).
We also estimated Mdetect
VIR,H13CN
and M
AV>8
VIR,H13CN
for the re-
gions where H13CN emission was detected, i.e., Aquila/W40,
Aquila/Serp. South, Oph/main, Orion B/NGC2024, Orion
B/NGC2068, and Orion B/NGC2071. The virial mass ratios
Rdetect
VIR,H13CN
and RAV>8
VIR,H13CN
range from 0.3 to 2.5 and from 0.5
to 2.9, respectively (see also Fig. 2(b)).
3.2. HCN (1–0) & HCO+ (1–0) Emission
In contrast to the H13CO+ emission, the spatial distributions of
HCN(1–0) and HCO+(1–0) emission differ significantly from
the column density distribution derived from Herschel data,
as shown in Fig. 1 and Figs. A.1–A.6. The HCN(1–0) and
HCO+(1–0) maps appear to trace more extended regions than
the denser filaments traced in the Herschel column density maps.
In the Aquila cloud, the HCN(1–0) and HCO+ (1–0) integrated
intensities are strongest toward the W40 HII subregion, while
column density is highest in the Serpens South subregion. The
W40 HII region is known to be excited by the luminous stars
IRS 1A North of spectral type O9.5 and IRS 1A South of spec-
tral type B1V (Shuping et al. 2012). In the Ophiuchus cloud,
the HCN(1–0) and HCO+(1–0) integrated intensities tend to be
strong around the compact HII region excited by the B3 star S1
(Grasdalen et al. 1973; André et al. 1988). These findings sug-
gest that the HCN(1–0) and HCO+(1–0) intensities depend on
the strength of the local far-UV (FUV) radiation field.
Figure 3 shows comparisons of the mean H13CO+(1–0),
HCO+(1–0) and HCN(1–0) spectra observed toward each re-
gion. Clear dips in the HCN(1–0) and HCO+(1–0) spectra can
be seen at VLSR ∼7, 4, 10 km s−1 in Aquila/W40, Oph/main, and
Orion B/NGC2071, respectively. Furthermore, the velocities of
these dips coincide with the peak velocities of the H13CO+(1–
0) spectra. This suggests that the HCN(1–0) and HCO+(1–0)
spectra are strongly affected by self-absorption effects. In these
subregions, the blueshifted components of the HCN(1–0) and
HCO+(1–0) spectra are stronger than the redshifted components.
This type of asymmetric spectral shape, known as blue-skewed
asymmetry, suggests the presence of infalling motions in the
clouds (cf. Myers et al. 1996; Schneider et al. 2010). Thus, the
Aquila/W40, Oph/main, and Orion B/NGC2071 clumps may be
undergoing large-scale collapse.
Assuming the same excitation temperature for the two
isotopic species and a 12C/13C isotopic ratio Ri = 62
(Langer & Penzias 1993), we also estimate the optical depth of
HCN(1–0) and HCO+(1–0) as follows:
Tpeak(i)
Tpeak(n)
=
1 − e−τ(n)/Ri
1 − e−τ(n) , (8)
where Tpeak(i) is the peak intensity of the rare isotopic species
[H13CN(1–0) or H13CO+(1–0)] derived from mean spectra av-
eraged over the observed area (see Fig. 3), whereas Tpeak(n)
and τ(n) are the peak intensity and optical depth of the normal
species [HCN(1–0) or HCO+(1–0)] at the peak velocity of the
rare isotopic species in the averaged spectra. In all observed re-
gions, the HCN(1–0) and HCO+(1–0) lines are optically thick
(see also Table A.1).
Recently, Braine et al. (2016) observed a significant depen-
dence of the IHCN/IHCO+ intensity ratio on metallicity, with
IHCN/IHCO+ increasing from ∼1/4 at 0.3 solar metallicity to ∼1
at solar metallicity among galaxies of the local group. In the
nearby clouds observed here, the median IHCN/IHCO+ intensity
ratio ranges from 0.7 to 1.6 (see Table 5), consistent with the
solar or near solar metallicity of these clouds.
3.3. Estimating the strength of the FUV radiation field
The FUV field strength, G0, can be derived from Herschel 70
µm and 100 µm photometric data using the following equations
(Kramer et al. 2008; Schneider et al. 2016):
G0 =
4πIFIR
1.6 × 10−3[erg cm−2 s−1] [in Habing units] (9)
IFIR =
(
F70µm
[erg cm−2 s−1Hz−1sr−1]
× B60µm−80µm
[Hz]
)
+
(
F100µm
[erg cm−2 s−1Hz−1sr−1]
× B80µm−125µm
[Hz]
)
[erg cm−2 s−1sr−1],
(10)
where IFIR is the far-infrared (FIR) intensity, and B60µm−80µm and
B80µm−125µm are the bandwidths of the Herschel/PACS broad-
band filters at 70 µm and 100 µm, respectively. The G0 values
are in units of the local interstellar radiation field (Habing 1968).
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Fig. 3: Comparison of the HCN, HCO+, and H13CO+(1-0) spectra averaged over the observed area in (a) Aquila/W40, (b)
Aquila/Serp–South, (c) Aquila/cold, (d) Oph/main, (e) Oph/cold, (f) Orion B/NGC2023, (g) Orion B/NGC2024, (h) Orion
B/NGC2068, and (i) Orion B/NGC2071. In each panel, red, blue, and gray lines show the mean HCN, HCO+, and H13CO+(1-
0) spectra in the corresponding subregion; the vertical dashed line marks the peak velocity of the H13CO+(1-0) line.
According to Hollenbach et al. (1991), G0 can also be esti-
mated from the dust temperature Tdust based on the following
relations:
Td = (8.9 × 10−11ν0G0 exp(−1.8AV)
+ 2.75 + 3.4 × 10−2[0.42 − ln(3.5 × 10−2τ100T0])
× τ100T 60 )0.2 [K] (11)
T0 = 12.2G
0.2
0 [K] (12)
τ100 =
2.7 × 102
T 5
0
G0 (13)
where, τ100, T0, and ν0 are the effective optical depth at 100µm,
the dust temperature of the cloud surface, and the frequency at
0.1µm.
Figure A.8 shows the pixel-to-pixel correlation between
the G0 values estimated in our target clouds from Herschel
70 µm and 100 µm data using Eqs. (9–10) and the G0 val-
ues estimated from the Herschel Tdust maps using Eqs. (11–
13). The best-fit results are G0(Tdust) = 1.38×G0(70,100µm) for
Aquila, G0(Tdust) = 0.62×G0(70,100µm) for Oph, and G0(Tdust)
= 2.60×G0(70,100µm) for Orion B. In Orion B, the highest G0
values come from pixels in NGC2024 and affect the best-fit re-
sults. The best-fit results for pixels with G0(70,100µm) < 100
is G0(Tdust) = 1.04×G0(70,100µm). In summary, our two esti-
mates of G0 generally agree to within a factor 2 to 3. Pety et al.
(2017) also estimated the strength of the FUV radiation field to-
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Fig. 4: Correlations between αHerschel−HCN and G0 (blue line and
filled circles) and between αHerschel−HCO+ and G0 (red line and
filled circles). The blue and red lines correspond to the best-
fit relations: αfit
Herschel−HCN = (496±94)×G−0.24±0.070 [M⊙ (K km
s−1 pc2)−1] and αfit
Herschel−HCO+ = (689±151)×G−0.24±0.080 [M⊙ (K
km s−1 pc2)−1]. The horizontal line marks αGS04−HCN = 10
[M⊙ (K km s−1 pc2)−1]. The uncertainties in αHerschel−HCN and
αHerschel−HCO+ as estimated from the M
AV>8
Herschel
uncertainties are a
factor of 2 (Roy et al. 2014). The uncertainties in G0 are also a
factor of 2 (see Sect. 3.3).
ward NGC 2023/2024 in Orion B using Eq. (12). Their estimate
agrees with our G0(70,100µm) value within 30%.
4. Discussion
4.1. Evidence of large variations in the αHCN and αHCO+
conversion factors
In many extragalactic studies (e.g. Gao & Solomon 2004a), the
mass of dense gas Mdense is estimated from the HCN(1–0) lumi-
nosity LHCN using the relation Mdense = αHCNLHCN and assuming
a fixed conversion factor αHCN. Gao & Solomon derived a sim-
ple formula for the conversion factor, namely αGS04−HCN = 2.1√
n(H2)/Tb = 10 M⊙ (K km s−1 pc2)−1, under the assumption that
the HCN(1–0) emission originates from gravitationally-bound
“cores” or clumps with volume-averaged density n(H2)∼3×104
cm−3 and brightness temperature Tb∼35 K. On this basis, they
adopted the single value αGS04−HCN = 10 M⊙ (K km s−1 pc2)−1
in their seminal HCN study of galaxies (Gao & Solomon 2004a).
Clearly, however, if the brightness temperature of the HCN emit-
ting clumps is larger than 35 K or if their volume-averaged den-
sity is less than 3×104 cm−3, the αGS04−HCN factor can become
smaller than 10 M⊙ (K km s−1 pc2)−1. Calibrating the conver-
sion factor αHCN in Galactic clouds and assessing its potential
variations is thus of crucial importance. For a sample of mas-
sive Galactic clumps, Wu et al. (2005) investigated the relation-
ship between virial mass (estimated fromC34S observations) and
HCN luminosity and found a logarithmic mean value αWu05−HCN
= 7±2 M⊙ (K km s−1 pc2)−1 for the conversion factor. The fact
that the αWu05−HCN and αGS04−HCN values differ by only ∼ 30%
is very encouraging for extragalactic studies, but the HCN ex-
citation conditions in the massive clumps studied by Wu et al.
Fig. 5: Plots of (a) Mdense,HCN against M
AV>8
Herschel
, and (b)
Mdense,HCO+ against M
AV>8
Herschel
. Red lines correspond to best-fit
linear relations to the red data points: Mdense,HCN = (0.96 ±
0.27) × MAV>8
Herschel
and Mdense,HCO+ = (0.98 ± 0.33) × MAV>8Herschel.
The red filled circles use Mdense,mol values derived from the rela-
tion Mdense,mol = α
fit
Herschel−mol × Lmol. In panel (a), the black open
squares use Mdense,HCN values derived from the “extragalactic”
relation Mdense,HCN = αGS04−HCN × LHCN, where αGS04−HCN = 10
M⊙ (K km s−1 pc2)−1; the black line corresponds to the best-
fit linear relation to the open squares: Mdense,HCN (≡ αGS04−HCN
LHCN) = (0.067 ± 0.026) × MAV>8Herschel.
(2005) are not necessarily representative of the bulk of the HCN-
emitting dense gas in galaxies.
Here, we have both high-resolution HCN data and indepen-
dent estimates of the mass of dense gas (from Herschel data)
for a sample of nearby clouds/clumps spanning a broad range
of radiation-field conditions, and are thus in a good position
to calibrate the αHCN factor. To do so, we used the mass esti-
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Table 6: Derived parameters for the dense portions of the target nearby clouds where AV > 8 mag
Region M
map>8mag
Herschel
† G0 A
map>8mag
Herschel
† IHCN LHCN αHerschel−HCN† IHCO+ LHCO+ αHerschel−HCO+ †
[M⊙] [pc2] [K km s−1] [K km s−1 pc2] [M⊙ (K km s−1 pc2)−1] [K km s−1] [K km s−1 pc2] [M⊙ (K km s−1 pc2)−1]
Aquila/W40 748 327 2.68 1.13 3.04 246 0.75 2.01 372
Aquila/Serp S 954 20 2.51 0.91 2.30 416 0.60 1.52 629
Aquila/cold 89 1 0.40 0.48 0.20 454 0.33 0.13 667
Oph/main (L1688) 416 134 0.91 2.68 2.44 170 1.90 1.73 241
Oph/cold 16 5 0.06 0.79 0.05 354 0.73 0.04 386
Orion B/NGC2023 300 226 0.76 7.21 5.49 55 7.53 5.74 52
Orion B/NGC2024 335 4091 0.76 12.57 9.59 35 8.72 6.65 50
Orion B/NGC2068 190 134 0.52 8.32 4.36 44 5.54 2.90 65
Orion B/NGC2071 399 121 0.94 6.79 6.41 62 5.62 5.31 75
†
See Table A.2 for the definition of each notation.
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Fig. 6: Plot of the empirical conversion factor α
AV−bin
Herschel−HCN ≡ MAV−binHerschel × LAV−binHCN against column density (expressed in AV units) for
the sub-regions of our sample. M
AV−bin
Herschel
and L
AV−bin
HCN
represent the mass derived from Herschel column density data and the HCN
luminosity for the portion of each sub-region corresponding to a given column density bin. The width of each column density bin is
4 mag in AV units. The horizontal lines indicate αHerschel−HCN for the various regions (see Table 6).
mates derived from the Herschel column density maps, M
AV>8
Herschel
,
and the HCN(1–0) luminosities from the present observations
to compute a αHerschel−HCN ≡ MAV>8Herschel/LHCN factor for each
cloud in our sample. As explained in Sect. 1, because most
of the dense gas is distributed in filaments of ∼ 0.1 pc width,
the AV > 8 level in Herschel column density maps of nearby
molecular clouds is an excellent tracer of the gas denser than
nH2 ∼ 2.3 × 104 cm−3, corresponding to supercritical, star-
forming filaments (cf. André et al. 2014). The H2 volume den-
sity of 2 × 104 cm−3 is also very close to the typical gas density
of >∼ 3×104/τ cm−3 traced by the HCN(1–0) line in normal spi-
ral galaxies (Gao & Solomon 2004a, where τ >∼ 1 is the optical
depth of the line) and lies between the effective excitation den-
sity (8.4×103 cm−3) and the critical density ( >∼ 3× 105 cm−3)
of HCN(1–0) (Shirley 2015). The masses M
AV>8
Herschel
derived from
Herschel data therefore provide good reference estimates of the
mass of dense gas in nearby clouds. The estimated values of
αHerschel−HCN range from ∼35 to ∼454 M⊙ (K km s−1 pc2)−1 (see
Table 6). Clearly, large variations in αHerschel−HCN are present.
As described in Sect. 3.2, the HCN emission tends to
be strong in areas where the FUV radiation field is strong.
Meijerink et al. (2007) demonstrated that the HCN emission is
stronger in photon-dominated regions (PDRs) by a factor of two
for densities larger than 105 cm−3. Therefore, the variations we
observe in αHerschel−HCN may be due to variations in the strength
of the FUV field among the sub-regions.
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The blue filled circles in Fig. 4 show a correlation plot be-
tween αHerschel−HCN and the mean FUV radiation field strength,
G0, estimated from Herschel 70 µm and 100 µm data (cf.
Sect. 3.3). The correlation coefficient between the two variables
is −0.82, showing the presence of a clear anti-correlation. Quan-
titatively, αHerschel−HCN decreases as G0 increases according to
the following empirical relation:
αfitHerschel−HCN = (496 ± 94) ×G−0.24±0.070 [M⊙(K km s−1 pc2)−1].
(14)
Figure 5(a) plots the mass of dense gas Mdense,HCN esti-
mated from HCN for each cloud in our sample, using both the
standard extragalactic conversion factor αGS04−HCN [= 10 (K
km s−1 pc2)−1] (black open squares) and the conversion fac-
tor αfit
Herschel−HCN from Eq. (14) (red filled circles), as a func-
tion of the reference mass estimate M
AV>8
Herschel
. As can be seen, the
Mdense,HCN values obtained with the αGS04−HCN conversion factor
underestimate the referencemasses M
AV>8
Herschel
by an order of mag-
nitude on average in nearby clouds. In contrast, the Mdense,HCN
estimates using theG0-dependent conversion factor α
fit
Herschel−HCN
agree well with the reference dense gas mass estimates M
AV>8
Herschel
.
The HCO+(1–0) line is another tracer of dense gas which
can be used in extragalactic studies (Braine et al. 2016). Like
the HCN emission, the HCO+ emission tends to be strong in
areas where the FUV radiation field is strong (see Sect. 3.2).
The red filled circles in Fig. 4 show a correlation plot between
αHerschel−HCO+ and G0. Here again, a clear anti-correlation is
present with a correlation coefficient of −0.77. The αfit
Herschel−HCO+
values are slightly larger than the αfit
Herschel−HCN values, but the
basic trend as a function of G0 is the same. The αHerschel−HCO+
conversion factor decreases as G0 increases according to the fol-
lowing best-fit relation:
αfitHerschel−HCO+ = (689±151)×G−0.24±0.080 [M⊙(K km s−1 pc2)−1].
(15)
Figure 5 (b) plots the mass of dense gas Mdense,HCO+ de-
rived from the HCO+ luminosity using the conversion factor
αfit
Herschel−HCO+ from Eq. (15) as a function of the reference mass
estimate M
AV>8
Herschel
. As can be seen, the Mdense,HCO+ estimates us-
ing αfit
Herschel−HCO+ agree well with the reference dense gas mass
estimates M
AV>8
Herschel
.
We conclude that both the HCN(1–0) luminosity and the
HCO+(1–0) luminosity can be used as reasonably good tracers
of the total mass of dense gas down to molecular cloud scales
>∼ 1 pc, provided that appropriate G0-dependent conversion fac-
tors are employed (and the strength of the radiation field can be
estimated). This is true despite the fact that the HCN(1–0) and
HCO+(1–0) lines are optically thick and do not trace well the de-
tails of the filamentary structure of the dense molecular gas (cf.
Sect. 3.2).
4.2. Relationship between star formation rate and dense gas
mass
In this subsection, we use our results on nearby clouds, e.g.,
our finding of a G0-dependent conversion factor αHerschel(G0), to
make a new detailed comparison between the star formation effi-
ciency within dense molecular gas found in nearby star-forming
complexes on one hand and in external galaxies on the other
hand.
Table 7: Number of YSOs and star formation rate in each
subregion
Region N(YSOs)† SFRYSO [M⊙ yr−1]‡
Aquila/W40 88–115 (22.0–28.8)×10−6
Aquila/Serp S 57–139 (14.2–34.8)×10−6
Aquila/cold 11–15 (2.8–3.8)×10−6
Aquila (total) 156–269 (39.0–67.3)×10−6
Oph/main (L1688) 60–112 (15.0–28.0)×10−6
Oph/cold 0–0 —-
Oph (total) 60–112 (15.0–28.0)×10−6
Orion B/NGC2023 9–15 (2.2–3.8)×10−6
Orion B/NGC2024 37–55 (9.2–13.8)×10−6
Orion B/NGC2068 6–12 (1.5–3.0)×10−6
Orion B/NGC2071 26–43 (6.5–10.8)×10−6
Orion B (total) 78–125 (19.5–31.3)×10−6
† Number of YSOs in each subregion observed in
HCN, HCO+, H13CN, and H13CO+. The lower value
gives the number of Class II YSOs, the upper value
the combined number of Class 0/I, Flat, and Class II
YSOs.
‡ The uncertainties are
√
N statistical uncertainties,
where N is the number count.
4.2.1. Estimates of the star formation rate and star formation
efficiency in the observed clouds
We first estimated the star formation rate (SFR) in each of our
target regions/sub-regions from direct counting of young stel-
lar objects (YSOs) using the available Spitzer census of YSOs in
nearby clouds (Evans et al. 2009). Under the assumption that the
median lifetime of Class II YSOs is 2 Myr (Evans et al. 2009;
Covey et al. 2010; Lada et al. 2010; Dunham et al. 2015) and
that their mean mass is 0.5 M⊙ (Muench et al. 2007), the SFR
can be derived from the number of YSOs observed with Spitzer
as follows:
SFRYSO = 0.25 × N(YSOs) × 10−6 [M⊙yr−1]. (16)
To evaluate the number of YSOs in each subregion observed
here, we used the Spitzer catalog of Dunham et al. (2015) for
Aquila and Ophiuchus, and the catalog of Megeath et al. (2012)
for Orion B. To count YSOs at each evolutionary stage from
these catalogs, we selected objects with an infrared spectral in-
dex2 aIR in the ranges 0.3 ≤ aIR for Class 0/I YSOs, −0.3 ≤
aIR < 0.3 for Flat Spectrum sources, and −1.6 ≤ aIR < −0.3 for
Class II objects in agreement with standard YSO classification
criteria (Greene et al. 1994).
Dunham et al. (2015) used 2MASS and Spitzer data between
2 µm and 24 µm. Megeath et al. (2012) used Spitzer data be-
tween 4.5 µm and 24 µm. While Dunham et al. (2015) pub-
lished aIR values both before and after correction for extinction,
Megeath et al. (2012) used uncorrected aIR values. For the sake
of consistency, we used uncorrected aIR values to select Class II
YSOs in all regions. The resulting YSO number counts and cor-
responding SFRs are reported in Table 7 for each region/sub-
region observed in molecular lines. The blue filled circles in
Fig. 7 (a) show the correlation between SFRYSO and M
AV>8
Herschel
2 The spectral index aIR is defined as the slope of the near-/mid-
infrared spectral energy distribution (SED), aIR = d log(λS λ)/d log(λ),
where λ and S λ denote wavelength and flux density at that wavelength,
respectively.
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for the clouds of our sample, which can be expressed as SFRYSO
= (2.1–5.0)×10−8 M⊙ yr−1 ×(MAV>8Herschel/M⊙). This relationship
is in good agreement with previous studies of nearby Galactic
clouds using extinction maps to estimate the mass of dense gas
(Lada et al. 2010, 2012; Evans et al. 2014).
4.2.2. Calibration of the dense gas mass in external galaxies
In Sect. 4.1, we showed that reliable HCN-based estimates of
the dense gas mass in nearby clouds could be obtained using
the G0-dependent conversion factor α
fit
Herschel−HCN(G0) given by
Eq. (14). In this subsection, we try to account for this G0 depen-
dence in galaxies with published HCN data in an effort to im-
prove the current estimates of their dense gas masses. Before do-
ing so, it is important to notice that the αfit
Herschel−HCN(G0) values
derived for the nearby clouds of our sample are a factor of >∼ 3
to ∼ 50 higher than the standard extragalactic conversion fac-
tor αGS04−HCN = 10 M⊙ (K km s−1 pc2)−1 (see Fig. 4). Since the
mean G0 value in a typical galaxy cannot be much higher than
the highest G0 found in our regions (G0 ∼ 4000 for NGC2024),
another effect besides the G0 dependence must explain this large
difference in conversion factor.
While our HCN/HCO+ observations were specifically fo-
cused on the densest (AV > 8) portions of the target clouds,
they also cover a small fraction of the lower density gas in
these clouds, and our data clearly show that the HCN(1–0) and
HCO+(1–0) lines are tracing molecular gas down to much lower
column densities than the AV = 8 fiducial limit. In a recent
independent molecular line study of the southern part of the
Orion B cloud (including NGC2023 and NGC2024) with the
IRAM 30m telescope, Pety et al. (2017) found that 36% of the
HCN(1–0) line flux was emitted from low extinction (2 ≤ AV
< 6) areas, with > 98% of the line flux coming from AV ≥ 2
areas. Likewise, the results of the CHaMP census of molecu-
lar clumps in the southern Milky Way with the MOPRA tele-
scope (e.g. Barnes et al. 2016) demonstrate that the HCO+(1–
0) line emission is generally tracing gas down to volume den-
sities of ∼ 103 cm−3 or less. Dividing the regions and sub-
regions observed in our study in various column density bins,
we can investigate possible variations of the empirical conver-
sion factor α
AV−bin
Herschel−HCN ≡ MAV−binHerschel × LAV−binHCN with column den-
sity (see Fig. 6). Significant variations in α
AV−bin
Herschel−HCN from re-
gion to region can be seen, in agreement with the dependence
of αHerschel−HCN on the strength of the FUV radiation field dis-
cussed in Sect. 4.1. Figure 6 nevertheless suggests that, in any
given sub-region (i.e., for a given G0 value), the conversion
between gas mass and HCN(1–0) luminosity remains approx-
imately constant, irrespective of gas (column) density or AV,
down to AV ∼ 2. This means that, in addition to the dense
molecular gas nH2
>∼ 2×104 cm−3 (corresponding to AV >∼ 8 in re-
solved nearby clouds), extragalactic HCN(1–0) studies with spa-
tial resolutions from ∼ 8 pc to ∼ 36 kpc (Chin et al. 1997, 1998;
Gao & Solomon 2004b; Brouillet et al. 2005; Buchbender et al.
2013; Chen et al. 2015, 2017) must also probe essentially all of
the molecular gas corresponding to 2 < AV < 8 in the observed
galaxies. Using typical column density probability density func-
tions (PDFs) observed toward Galactic molecular clouds (e.g.
Schneider et al. 2013), we can estimate the relative amount of
molecular gas at AV > 8 and 2 < AV ≤ 8 in GMCs, M(AV >
2)/M(AV > 8). In practice, we adopt the combined column
density PDF derived from Herschel HGBS data in the Aquila
and Orion B complexes, which is well described by a power
law, dN/dlogNH2 ∝ N−2.7±0.2H2 (Könyves et al. 2015, ; Könyves
et al., in prep.), as our template. Such a column density PDF
implies that M(AV > 2)/M(AV > 8) = (2/8)
−1.7±0.2 ≈ 10, at
least in molecular clouds such as Aquila and Orion B. Clearly,
if extragalactic HCN measurements of dense gas include low-
density gas down to AV ∼ 2, then the effective αHCN conversion
factor for these measurements must be an order of magnitude
lower than the αfit
Herschel−HCN(G0) factor given by Eq. (14) and thus
within a factor of a few of the standard extragalactic conversion
factor αGS04−HCN = 10 M⊙ (K km s−1 pc2)−1.
To go further and to improve current extragalactic Mdense,HCN
estimates for radiation-field effects, we also need to account
for the fact that the minimum column density or extinction
AV,min(HCN) down to which significant HCN(1–0) line flux is
emitted itself depends on G0. The values of the effective exci-
tation density of HCN(1–0) calculated by Shirley (2015) scale
approximately as nHCN
eff
∝ T−0.65gas , where Tgas is the gas kinetic
temperature. Assuming Tgas ≈ Tdust and using the simplified re-
lation between Tdust and G0 given by Eq. (12), this means that
nHCN
eff
∝ G−0.13
0
. For both a spherical and a cylindrical cloud with
a density gradient ρ ∝ r−α, column density scales as r1−α or ρ1− 1α .
Adopting α = 1.75 ± 0.25, a value intermediate between 1.5
(free-falling cloud onto a point mass) and 2 (isothermal spheres)
which is also consistent with the logarithmic slope of −2.7 for
the column density PDF (cf. Könyves et al. 2015), we may thus
expect the minimum column density probed by HCN(1–0) to
scale as AV,min(HCN) ∝ (nHCNeff )0.43 ∝ G−0.056±0.0120 . Normaliz-
ing this scaling relation using the fact that AV,min(HCN) ≈ 2 for
NGC2023/2024 in Orion B whereG0 ≈ 20 (Pety et al. 2017), we
obtain the following αfit
′
Herschel−HCN conversion factor for external
galaxies, under the assumption that extragalactic HCN observa-
tions sample all of the molecular gas down to AV,min(HCN):
αfit
′
Herschel−HCN ≈ 0.13+0.06−0.06×G−0.095±0.020 ×αfitHerschel−HCN ∝ G−0.34±0.080
(17)
Using the total infrared luminosities LIR listed in the
Gao & Solomon (2004b) paper and adopting LFIR = LIR/1.3
(Graciá-Carpio et al. 2008), we can derive relevant G0 val-
ues from Eq. (9) and IFIR = LFIR/4πd
2(
πθ2
beam
4 ln 2
), where d and
θbeam are the distance to each galaxy and the telescope beam
size of the corresponding HCN measurement respectively (cf.
Buchbender et al. 2013). We can then estimate an effective con-
version factor αfit
′
Herschel−HCN(G0) for each galaxy in the Gao
& Solomon sample. The resulting G0 and α
fit′
Herschel−HCN values
range from 44 to 3.9×104 (mean: 1.7×103) and from 1.8 M⊙
(K km s−1 pc2)−1 to 17.7 M⊙ (K km s−1 pc2)−1 (mean: 10.2
M⊙ (K km s−1 pc2)−1), respectively. Using these αfit
′
Herschel−HCN
values for the HCN conversion factor, the corrected masses of
dense gas range from 4.3×107 M⊙ to 4.9×1010 M⊙. Under the
assumption that the average gas densities of normal galaxies
and extreme starbursts are 2×102 cm−3 and 1×105 cm−3, respec-
tively, García-Burillo et al. (2012) advocated revised conversion
factors αGB12−HCN∼3–4 M⊙(K km s−1 pc2)−1 for normal galax-
ies (LIR < 10
11 L⊙ corresponding to SFR < 2×10 M⊙yr−1) and
αGB12−HCN∼1–2 M⊙(K km s−1 pc2)−1 for extreme starbursts (LIR
> 1011 L⊙ corresponding to SFR > 2×10 M⊙yr−1). The revised
conversion factors αGB12−HCN of García-Burillo et al. (2012) are
roughly consistent with our suggested αfit
′
Herschel−HCN values of
1.8–17.7 M⊙(K km s−1 pc2)−1 for the galaxies sampled by
Gao & Solomon (2004b) (LIR∼1010−12 L⊙). This agreement sug-
gests that the dependence of the αHerschel−HCN conversion factor
on the strength of the FUV radiation field is not restricted to
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Fig. 7: Plots of (a) SFR against Mdense and (b) SFE against Mdense. Blue filled squares indicate the SFR–Mdense(= M
AV>8
Herschel
) and
SFE(= SFR/Mdense) – Mdense relations for the regions observed in this paper. Black open circles indicate the relation between SFR
and Mdense in nearby star-forming clouds (Lada et al. 2010). Red filled circles indicate the SFR-Mdense and SFE – Mdense relations
obtained for external galaxies (Gao & Solomon 2004b), assuming Mdense = αHCN×LHCN with the corrected αHCN values from our
Eq. (17). Green, brown, pink, purple, magenta, and orange filled circles indicate the SFR-Mdense and SFE – Mdense relations in the
SMC, LMC, M31, M33, and M51 galaxies (Chin et al. 1997, 1998; Brouillet et al. 2005; Buchbender et al. 2013; Chen et al. 2015,
2017) using our relation of Eq. (17). The uncertainties in the extragalactic SFR values are a factor of ∼2 (cf. Bell 2003). The black
triangle indicates the position of the central molecular zone (CMZ: |l| < 1 deg, |b| < 0.5 deg) in each plot, where SFR and Mdense
were estimated from the number count of massive YSOs and Herschel column density, respectively (Longmore et al. 2013). In
both panels, the black solid line and black dashed lines display the simple empirical relation expected from the “microphysics" of
prestellar core formation within filaments described in Sect. 4.3 (see also André et al. 2014; Könyves et al. 2015): SFR = (4.5 ±
2.5) × 10−8 M⊙ yr−1 × (Mdense/M⊙), i.e., SFE = (4.5±2.5)×10−8 yr−1.
Galactic clouds and also applies to external galaxies. Figure 7
(a) compiles observations of the SFR–Mdense relation from the
present study, Lada et al. (2010), and Gao & Solomon (2004b).
The SFR-Mdense relation found in our study is consistent with
that of Lada et al. (2010), as expected since both are focused
on nearby Galactic clouds. The initial SFR-Mdense relation from
Gao & Solomon (2004b) lies a factor of ∼ 2–3 below the best-
fit relation found for nearby star-forming regions, namely SFR
= 4.6×10−8 Mdense (Lada et al. 2010). Conversely, the corrected
SFR-Mdense relation for the Gao & Solomon (2004b) sample lies
above the nearby-cloud relation by a factor of ∼3. We also com-
piled data points for nearby galaxies of the local group, namely
the Small Magellanic Cloud (SMC), the LargeMagellanic Cloud
(LMC), M31, M33, and M51 from Chin et al. (1997, 1998),
Brouillet et al. (2005), Buchbender et al. (2013), and Chen et al.
(2015, 2017). The SFR for each galaxy was estimated using
SFR = 2.0×10−10(LIR/L⊙) M⊙yr−1 following Gao & Solomon
(2004b). As can be seen in Fig. 7 (a), the observed trend is basi-
cally a linear relation between star formation rate and dense gas
mass, and the nearby-cloud relation provides a good overall fit
to most data points.
Figure 7 (b) provides a blow-up view of the scatter around
the nearby-cloud star formation law by plotting the star for-
mation efficiency SFEdense ≡ SFR/Mdense against Mdense for the
same objects as in Fig. 7 (a). As can be seen, SFEdense remains
roughly constant within a scatter of less than 1.5 orders of mag-
nitude over 8 orders of magnitude in Mdense from ∼ 102 M⊙ to
1010 M⊙. This scatter in SFEdense is significantly smaller than
the scatter in SFEtotal, defined as SFR divided by total molec-
ular gas mass Mtotal, observed among nearby clouds and massive
Galactic clouds, which exceeds 2 to 3 orders of magnitude over
only 4 orders of magnitude in gas mass (cf. Lada et al. 2010;
Vutisalchavakul et al. 2016). The mean and standard deviation
of (the logs of) all the data points in Fig. 7b (including the CMZ
point) are 〈log SFEdense (yr−1)〉=-7.85±0.31. This is in excellent
agreement with the results of Vutisalchavakul et al. (2016) who
found 〈log SFEdense (yr−1)〉 =-7.74±0.50 toward star-forming re-
gions in the Galactic plane using masses derived from the Bolo-
cam Galactic Plane Survey (BGPS) data at 1.1 mm and SFR val-
ues estimated from WIS E mid-infrared data.
The vertical scatter in Fig. 7b can almost entirely be at-
tributed to uncertainties in the αHCN conversion factor used to
estimate the dense gas mass for galaxies. In nearby clouds, for
which assumptions about this conversion factor are not needed,
the observed scatter in SFEdense is less than a factor of ∼ 3.
To conclude, our results support the view that the relationship
between star formation rate and dense gas mass, i.e., the star
formation efficiency in the dense molecular gas of galaxies, is
quasi-universal on a wide range of scales from ∼ 1–10 pc to >
10 kpc.
4.3. Origin of the quasi-universal star formation efficiency in
dense molecular gas
On the grounds that filaments dominate the mass budget of
dense molecular gas in GMCs and that most, if not all, prestellar
cores form in filaments (see Sect. 1), André et al. (2014) pro-
posed that the quasi-universal star formation efficiency in dense
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gas discussed above and summarized in Fig. 7 originates from
the physics of filament evolution and core formation along fil-
aments. Following André et al. (2014), we suggest that the star
formation efficiency in dense gas, SFEdense ≡ SFR/Mdense, is pri-
marily set by three parameters characterizing dense cores along
filaments, namely the typical fraction of dense filament gas in
the form of prestellar cores (or “core formation efficiency”),
fpre, the typical lifetime of prestellar cores, tpre, and the effi-
ciency of the conversion from prestellar core mass to stellar mass
(or stellar system mass), ǫcore, according to the simple relation:
SFEdense = fpre × ǫcore/tpre. This relation assumes that, in steady
state, each supercritical filament has converted a fraction fpre of
its mass into prestellar cores, and that each prestellar core con-
verts a fraction ǫcore of its mass into either a single star or a
small stellar system on a timescale tpre. The latter assumption
is supported by the similarity between the prestellar core mass
function (CMF) and the stellar initial mass function (IMF) (e.g.
Motte et al. 1998; Enoch et al. 2008; André et al. 2010). Obser-
vationally, it seems that the three parameters fpre, tpre, ǫcore have
reasonably constant values with little variations from cloud to
cloud, at least in Gould Belt regions. Based on the results of the
Herschel Gould Belt survey in the Aquila, Ophiuchus, Orion B,
and Taurus/L1495 clouds, the prestellar core formation effi-
ciency in the dense (AV > 8) gas of supercritical filaments is es-
timated to be fpre = 15%
+5%
−5% (e.g. Könyves et al. 2015; Könyves
et al. in prep.; Ladjelate al. in prep.). The typical lifetime of
low- to intermediate-mass prestellar cores is known to be tpre =
1+0.5−0.3Myr (e.g. Lee & Myers 1999; Jessop & Ward-Thompson
2000; Könyves et al. 2015). In reality, tpre likely depends on
both core density (Jessop & Ward-Thompson 2000) and core
mass (Hatchell & Fuller 2008), but what matters here is the
characteristic lifetime of the bulk of prestellar cores near the
peak of the CMF and forming in filaments just above the crit-
ical line mass Mline,crit. The efficiency of the conversion process
from core mass to stellar mass, as estimated from the global
shift between the CMF and the IMF is believed to be ǫcore =
30%+20%−10% (e.g. Alves et al. 2007; Nutter & Ward-Thompson
2007; Könyves et al. 2015). Combining these estimates leads to
the following “prediction” for SFEdense from the “microphysics”
of star formation in filaments:
SFE
pre
dense
≡ fpre × ǫcore/tpre = (4.5 ± 2.5) × 10−8 yr−1,
which is plotted as a solid straight line/strip in Fig. 7. As can be
seen, SFE
pre
dense
provides a reasonably good fit to both the Galactic
and extragalactic data points of Fig. 7 (b).
4.4. Comments on apparent SFE variations in resolved
galactic disks
Recently, Usero et al. (2015), Chen et al. (2015), and
Bigiel et al. (2016) reported significant variations in the apparent
star formation efficiency in dense gas, SFE
extragal
dense
≡ LFIR/LHCN,
across the spatially-resolved disks of several nearby galaxies
such as M51. In particular, the LFIR/LHCN ratio was observed
to decrease as LFIR increases from the outskirts to the center of
the M51 disk (see for instance the map of the LIR/LHCN ratio
presented by Chen et al. 2015). One plausible interpretation
of this trend was a decrease in the star formation efficiency
SFEdense from the outer disk to the center of the M51 galaxy
(e.g. Bigiel et al. 2016). We note, however, that since the FUV
radiation field is significantly stronger near the center of the disk
compared to the outer parts of the galaxy, and since LIR/LHCN
scales as SFR
Mdense
× αHCN = SFEdense × αHCN, the trend observed
in M51 can at least partly originate from the expected decrease
in the αHCN factor toward the center of the disk according to
Eq. (14), with the efficiency SFEdense remaining approximately
constant.
We can further quantify this statement using the detailed re-
sults published by Usero et al. (2015) for 29 nearby disk galax-
ies. These authors found an anti-correlation between the appar-
ent local star formation efficiency in dense gas SFEUsero−dense ≡
IFIR/IHCN and the mass surface density of stars Σstar, expressed as
SFEUsero−dense (Myr−1) = 10−0.78±0.30 Σ−0.37±0.11Usero−star (M⊙pc
−2) (Fig. 2
of Usero et al. 2015). Usero et al. (2015) evaluated the mass
surface density of dense gas Σdense as αUsero−HCN × IHCN and
the mass surface density of old stars ΣUsero−star values from
the 3.6µm intensity I3.6µm (with ΣUsero−star ∝ I3.6µm). Since the
I3.6µm intensity is directly proportional to the FUV intensity IFUV
across the disk of nearby galaxies (e.g. Ford et al. 2013), the
anti-correlation SFEUsero−dense ∝ Σ−0.37±0.11Usero−star can be rewritten as
SFEdense × αUsero−HCN ∝ I−0.37±0.11FUV . The dependence of αHCN
on G0 found in Sect. 4.1 and 4.2.2 and expressed by Eq. (17),
i.e., αfit
′
Herschel−HCN ∝ G−0.34±0.080 , can largely account for the
Usero et al. (2015) anti-correlation, and suggests that SFEdense
actually depends at most very weakly on Σ⋆ as SFEdense ∝
Σ−0.03±0.13⋆ .
Significant variations in SFEdense may still exist in the
most extreme star-forming environments like the central molec-
ular zone (CMZ) of our Milky Way (e.g. Longmore et al.
2013, see also Fig. 7) or extreme starburst galaxies (e.g.
García-Burillo et al. 2012), especially at high redshift (e.g.
Gao et al. 2007). By and large, however, the results summarized
in Fig. 7 (b) suggest that SFEdense is remarkably constant over a
wide range of scales and environments.
5. Summary and conclusions
In an effort to calibrate dense gas tracers commonly used in
extragalactic studies, we carried out wide-field mapping obser-
vations at a spatial resolution of ∼0.04 pc in HCN (J=1–0),
H13CN (J=1–0), HCO+ (J=1–0), and H13CO+ (J=1–0) toward
the nearby molecular clouds in Ophiuchus, Aquila, and Orion B
using the MOPRA 22m, IRAM 30m, and Nobeyama 45m tele-
scopes. Our main results can be summarized as follows:
1. The spatial distributions of the H13CO+(1–0) and H13CN(1–
0) emission are tightly correlated with the filamentary tex-
ture of the dense gas seen in Herschel column density
maps, showing that the H13CO+(1–0) and H13CN(1–0) lines
are good tracers of the densest (“supercritical”) filaments
seen in Herschel submillimeter continuum images. Quanti-
tatively, H13CO+(1–0) and H13CN(1–0) trace Herschel fila-
ments very well above AV > 16 (i.e., Mline
>∼ 30 M⊙ pc−1)
and AV > 20 (i.e., Mline
>∼ 40 M⊙ pc−1) respectively. More-
over, the virial mass estimates derived from the H13CO+(1–
0) and H13CN(1–0) velocity dispersions agree well with the
dense gas mass estimates derived from Herschel data for the
same sub-regions.
2. In contrast, the spatial distributions of the HCN(1–0) and
HCO+(1–0) emission differ significantly from the col-
umn density distribution derived from Herschel data. The
HCN(1–0) and HCO+ (1–0) lines are only poor tracers of
the supercritical filaments seen with Herschel and tend to be
stronger around HII regions. Based on a detailed comparison
of the HCN(1–0) and HCO+(1–0) integrated intensity maps
with the Herschel 70/100 µm and dust temperature maps, it
appears that the HCN(1–0) and HCO+(1–0) integrated in-
tensities are strongly correlated with the strength of the lo-
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cal FUV radiation field (G0). The luminosities of the HCN
and HCO+ lines can nevertheless be used to derive reason-
ably good estimates of the masses of dense gas in the nearby
clouds we observed, provided that appropriateG0-dependent
conversion factors αHerschel−HCN(G0) and αHerschel−HCO+(G0)
are adopted when converting LHCN and LHCO+ to Mdense.
3. Using the masses M
AV>8
Herschel
derived from Herschel column
density maps above AV > 8 as reference estimates of the
mass of dense gas in each nearby cloud, we found that the
conversion factors αHCN and αHCO+ are anti-correlated with
the strength of the local FUV radiation field according to the
following best-fit empirical relations: αfit
Herschel−HCN = (496 ±
94)×G0−0.24±0.07 M⊙ (K km s−1 pc2)−1 and αfitHerschel−HCO+ =
(689 ± 151)×G0−0.24±0.08 M⊙ (K km s−1 pc2)−1.
4. The relation between the star formation rate, estimated from
direct counting of Spitzer YSOs, and the mass of dense gas,
derived from Herschel data above AV > 8, for the nearby
clouds/clumps of our sample can be expressed as SFRYSO =
(2.1–5.0)×10−8 M⊙ yr−1×(MAV>8Herschel/M⊙). This is consistent
within errors with the relation found by Lada and collabora-
tors for another and broader sample of nearby star-forming
clouds based on Spitzer and near-infrared extinction data
(SFR = (4.6±2.6)×10−8 M⊙ yr−1×(Mdense/M⊙), Lada et al.
2010, 2012).
5. In nearby molecular clouds, the optically thick HCN(1–0)
and HCO+(1–0) lines are tracing both moderate column den-
sity areas (2 ≤ AV ≤ 8) and high column density ar-
eas (AV > 8) (see also Pety et al. 2017). Therefore, pub-
lished extragalactic HCN(1–0) studies, which have spatial
resolutions between ∼ 10 pc and ∼ 50 kpc, must be trac-
ing all of the moderate density gas down to nH2
<∼ 103 cm−3
in the observed galaxies, in addition to the dense gas with
nH2 > 10
4 cm−3. Estimating the contribution of this moder-
ate density gas from the typical column density PDFs ob-
served in nearby clouds, we obtained the following effective
HCN conversion factor for external galaxies: αfit
′
Herschel−HCN =
0.13+0.06−0.06× G−0.095±0.020 ×αfitHerschel−HCN(G0) ∝ G−0.34±0.080 .
6. Using this G0-dependent conversion factor α
fit′
Herschel−HCN(G0)
to improve the dense gas mass estimates of external galaxies
with published HCN data, we found that the star formation
efficiency in dense molecular gas, SFEdense ≡ SFR/Mdense, is
remarkably constant, with a scatter of less than 1.5 orders of
magnitude around the nearby-cloud value of 4.5× 10−8 yr−1,
over 8 orders of magnitude in Mdense from ∼ 102 M⊙ to
1010 M⊙. This suggests that the star formation efficiency in
the dense molecular gas of galaxies is quasi-universal on a
wide range of scales from ∼ 1–10 pc to > 10 kpc.
7. Following André et al. (2014), we suggest that SFEdense is
primarily set by three parameters characterizing the “micro-
physics” of core/star formation along molecular filaments,
namely the typical fraction of dense filament gas in the form
of prestellar cores, fpre = 15%
+10%
−5% , the typical lifetime of
solar-type prestellar cores, tpre = 1
+0.5
−0.3Myr, and the effi-
ciency of the conversion from prestellar core mass to stel-
lar mass, ǫcore = 30%
+20%
−10%, according to the simple relation:
SFE
pre
dense
= fpre × ǫcore/tpre = (4.5 ± 2.5) × 10−8 yr−1.
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Appendix A: Complementary figures and tables
Figures A.1 – A.9 are complementary figures. The optical depths
of the HCN (1–0) and HCO+ (1–0) lines in each AV bin are listed
in Table A.1. Table A.2 summarizes the definition of each nota-
tion used in this paper.
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Fig. A.1: Same as Fig. 1, but for Aquila/cold. The H2 column density map of the Aquila region is from Herschel Gould Belt Survey
(HGBS) data (André et al. 2010; Könyves et al. 2015). The white contour in panel (a) and magenta dotted contours in panels (e) and
(f) indicate the AV = 8 level derived from the Herschel column density map smoothed to 40
′′ resolution. In panel (f), the magenta
solid contour indicates the rough AV column density level above which significant H
13CO+ (1–0) emission is detected, i.e., AV =
16.
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Fig. A.2: Same as Fig. 1, but for Ophiuchus. The H2 column density map of the Ophiuchus region is from HGBS data (Ladjelate et
al. in prep.). The angular resolutions of HCN, HCO+, and H13CO+, and H13CN maps are 50′′, 50′′, 50′′, and 60′′. The white contour
in panel (a) and magenta dotted contours in panels (e) and (f) indicate the AV = 8 level derived from the Herschel column density
map smoothed to 50′′ resolution. In panel (e) and (f), the magenta solid contour indicates the rough AV column density level above
which significant line emission is detected, i.e., AV = 20 for H
13CN (1–0) and AV = 16 for H
13CO+ (1–0).
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Fig. A.3: Same as Fig. 1, but for NGC2023 in Orion B. The H2 column density map of the Orion B region is from HGBS data
(Könyves et al. in prep., see also Schneider et al. 2013). The angular resolutions of HCN, HCO+, and H13CO+, and H13CN maps
are 30′′, 30′′, 30′′, and 40′′. The white contour in panel (a) and magenta dotted contours in panels (e) and (f) indicate the AV = 8
level derived from the Herschel column density map smoothed to 30′′ resolution. In panel (f), the magenta solid contour indicates
the rough AV column density level above which significant H
13CO+ (1–0) emission is detected, i.e., AV = 16.
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Fig. A.4: Same as Fig. 1, but for NGC2024 in Orion B. The H2 column density map of the Orion B region is from HGBS data
(Könyves et al. in prep., see also Schneider et al. 2013). The angular resolutions of HCN, HCO+, and H13CO+, and H13CN maps
are 30′′, 30′′, 30′′, and 40′′. The white contour in panel (a) and magenta dashed contours in panels (e) and (f) indicate the AV =
8 level derived from the Herschel column density map smoothed to 30′′ resolution. In panel (e) and (f), the magenta solid contour
indicates the rough AV column density level above which significant line emission is detected, i.e., AV = 20 for H
13CN (1–0) and
AV = 16 for H
13CO+ (1–0).Article number, page 20 of 26
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Fig. A.5: Same as Fig. 1, but for NGC2068 in Orion B. The H2 column density map of the Orion B region is from HGBS data
(Könyves et al. in prep., see also Schneider et al. 2013). The angular resolutions of HCN, HCO+, and H13CO+, and H13CN maps
are 30′′, 30′′, 30′′, and 40′′. The white contour in panel (a) and magenta dashed contours in panels (e) and (f) indicate the AV =
8 level derived from the Herschel column density map smoothed to 30′′ resolution. In panel (e) and (f), the magenta solid contour
indicates the rough AV column density level above which significant line emission is detected, i.e., AV = 20 for H
13CN (1–0) and
AV = 16 for H
13CO+ (1–0).
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Fig. A.6: Same as Fig. 1, but for NGC2071 in Orion B. The H2 column density map of the Orion B region is from HGBS data
(K’´onyves et al. in prep., see also Schneider et al. 2013). The angular resolutions of HCN, HCO+, and H13CO+, and H13CN maps
are 30′′, 30′′, 30′′, and 40′′. The white contour in panel (a) and magenta dashed contours in panels (e) and (f) indicate the AV =
8 level derived from the Herschel column density map smoothed to 30′′ resolution. In panel (e) and (f), the magenta solid contour
indicates the rough AV column density level above which significant line emission is detected, i.e., AV = 20 for H
13CN (1–0) and
AV = 16 for H
13CO+ (1–0).
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Fig. A.7: Comparison of H13CN spectra averaged over pixels where has ≥ 5σ emission at (a) Oph/main, (b) Oph/cold, (c)
Aquila/W40, (d) Aquila/Serp. South, (e) Aquila/cold, (f) NGC2023, (g) NGC2024, (h) NGC2068, and (i) NGC2071. For Oph/cold,
Aquila/cold, and NGC2023, the H13CN emission is not detected. Thus, we show the spectra averaged over observing area.
Fig. A.8: Pixel to pixel correlation between the G0 value estimated from Tdust, G0(Tdust), using Eqs. (11-13) map
and G0 values estimated from Herschel 70 and 100 µm data, G0(70,100µm), using Eqs (9,10) toward (a) Aquila,
(b) Ophiuchus, (c) Orion B. The dashed red lines indicate G0(Tdust)=G0(70,100µm). The solid red lines indicate the
best-fit results: G0(Tdust)=(1.38±0.01)×G0(70,100µm) for Aquila, G0(Tdust)=(0.62±0.01)×G0(70,100µm) for Ophiuchus, and
G0(Tdust)=(2.63±0.09)×G0(70,100µm) for Orion B. The blue lines in panel (c) indicate the best-fit result for pixels with G0(Tdust) <
1000: G0(Tdust)=(1.04±0.02)×G0(70,100µm).
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Fig. A.9: Comparison of the HCO+ (1–0, red), HCN (1–0, blue), H13CO+ (1–0, black), and H13CN (1–0, orange) spectra averaged
over the observed area in each AV range for (a) Aquila/W40, (b) Aquila/Serp-South, (c) Aquila/cold, (d) Oph/main, (e) Oph/cold,
(f) Orion B/NGC2023, (g) Orion B/NGC2024, (h) Orion B/NGC2068, and (i) Orion B/NGC2071. In each panel, the vertical grey
line marks the peak velocity of the H13CO+ line toward the 16 ≤ AV area, and the spectra shown from top to bottom correspond to
the 16 ≤ AV, 12 ≤ AV < 16, 8 ≤ AV < 12, and AV < 8 areas, respectively.
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Fig. A.9: –continued
Table A.1: Optical depths of the HCN (1–0) and HCO+ (1–0) lines †
Region molecule AV < 8 8 ≤ AV < 12 12 ≤ AV < 16 16 ≤ AV
Aquial/W40 HCN(1–0) —‡ —‡ 35 »1S A
HCO+(1–0) —‡ 159 »1S A »1S A
Aquila/Serp S HCN(1–0) —‡ —‡ 17 103
HCO+(1–0) 17 67 102 »1S A
Aquila/cold HCN(1–0) —‡ —‡ 16 135
HCO+(1–0) —‡ 51 124 »1S A
Oph/main (L1688) HCN(1–0) —‡ —‡ —‡ 14
HCO+(1–0) —‡ —‡ 80 »1S A
Oph/cold HCN(1–0) —-‡ —‡ ‡‡ —‡
HCO+(1–0) —‡ —‡ 128 »1S A
Orion B/NGC2023 HCN(1–0) —‡ —‡ 112 12
HCO+(1–0) —‡ 10 8 18
Orion B/NGC2024 HCN(1–0) —‡ —‡ —‡ 6
HCO+(1–0) —‡ 7 10 14
Orion B/NGC2068 HCN(1–0) —‡ —‡ —‡ 8
HCO+(1–0) —‡ 11 16 20
Orion B/NGC2071 HCN(1–0) —‡ —‡ —‡ 24
HCO+(1–0) —‡ 21 29 »1S A
†
The spectra in Fig. A.9 are used to derive the intensities.
‡
The emission of the rare species is not detected.
S A The intensity of the normal species is weaker than that of the rare species due to the
self-absorption effect.
Article number, page 25 of 26
A&A proofs: manuscript no. Shimajiri2017
Table A.2: Definition of each notation used in the paper
Quantity Notation Meaning
Surface area
Adetect
mol
Area where the H13CO+ or H13CN emission has been detected.
A
AV>8
Herschel
Area above AV=8 according to the Herschel column density map in each observed cloud
Cloud radius
Rdetect
mol
Equivalent radius of the area where H13CO+ or H13CN emission has been detected in each cloud.
R
AV>8
Herschel
Equivalent radius of the area above AV=8 in each observed cloud (according to the Herschel column density map).
Velocity width
dVFWHM FWHM velocity width at each pixel
dVdetect
mol
FWHM velocity width estimated from the spectrum averaged over the area where H13CO+ or H13CN emission has been detected.
dV
AV>8
mol
Scaled FWHM velocity width using dV
AV>8
mol
=dVdetect
mol
(
R
AV>8
Herschel
Rdetect
mol
)0.5
Mass
Mdetect
VIR,mol
Virial mass of the portion of each cloud where H13CO+ or H13CN emission has been detected.
M
AV>8
VIR,mol
Virial mass of the region above AV=8 in each observed cloud.
Mmol−detect
Herschel
Dense gas mass estimated from the Herschel column density map of the area where H13CO+ or H13CN emission has been detected.
M
AV>8
Herschel
Dense gas mass estimated from the Herschel column density map for the area above AV=8 in each observed cloud.
Mdense,mol Dense gas mass estimated from molecular luminosity conversion factor (Mdense,mol=α
fit
Herschel−molLmol).
Virial ratio
Rdetect,
VIR,mol
Virial mass ratio of the portion of the cloud where the H13CO+ or H13CN emission has been detected (Rdetect
VIR,mol
= Mdetect
VIR,mol
/Mmol−detect
Herschel
).
RAV>8
VIR,mol
Virial mass ratio of the region above AV=8 in each observed cloud (RAV>8VIR,mol = M
AV>8
VIR,mol
/M
AV>8
Herschel
).
Star formation rate
SFRYSO Star formation rate estimated from the number count of YSOs.
SFRprestellar Star formation rate estimated from the number count of prestellar cores.
HCN conversion factor
αHCN Conversion factor from HCN(1–0) luminosity to dense gas mass.
αHerschel−HCN Empirical αHCN factor derived for the target nearby clouds using Herschel mass estimates as references (αHerschel−HCN=M
AV>8
Herschel
/LHCN).
αfit
Herschel−HCN αHCN conversion factor obtained from the relation α
fit
Herschel−HCN=496× G−0.240 .
αfit
′
Herschel−HCN αHCN conversion factor obtained from the relation α
fit′
Herschel−HCN=0.13×G−0.0950 × αfitHerschel−HCN.
αGS04−HCN αHCN conversion factor assumed in Gao & Solomon (2004a).
αWu05−HCN αHCN conversion factor obtained in Wu et al. (2005).
αGB12−HCN αHCN conversion factor obtained in García-Burillo et al. (2012).
αUsero−HCN αHCN conversion factor obtained in Usero et al. (2015).
HCO+ conversion factor
αHerschel−HCO+ αHCO+ conversion factor obtained toward each observed sub region in the present study (αHerschel−HCO+=M
AV>8
Herschel
/LHCO+ ).
αfit
Herschel−HCO+ αHCO+ conversion factor obtained by the relation α
fit
Herschel−HCO+=689× G−0.240 .
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